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PhotoperiodThe Australian plague locust Chortoicetes terminifera (Walker) exhibits facultative embryonic diapause
during autumn. To approximate natural photoperiod changes during late summer and autumn, locust
nymphs were reared under different total declines in laboratory photophase (0.5, 0.75, 1.0, 1.25,
1.5, 1.75, 2 h each lowered in 15 min steps) in a 24 h photoperiod to quantify any effect on the sub-
sequent production of diapause eggs. Induction of diapause eggs was signiﬁcantly affected by accumu-
lated photoperiod decline experienced by the parental generation throughout all development stages
from mid-instar nymph to ﬂedgling adult. The incidence of embryonic diapause ranged from nil at
0.5 h to 86.6% diapause at2 h. Continued declines in photoperiod for post-teneral locusts (transitioned
from 1 h until ﬂedging to 1.75 h) produced a further increase in the proportion of diapause eggs. The
results were unaffected by time spent at any given photoperiod, despite a previously indicated maximal
inductive photoperiod of 13.5 h being used as the mid-point of all treatments. Implications for the sea-
sonal timing processes of photoperiodism in C. terminifera, which has a high migratory capacity and a lat-
itudinal cline in the timing of diapause egg production across a broad geographic range, are discussed.
Crown Copyright  2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Diapause in insects is a form of developmental dormancy con-
trolled by a combination of environmental and molecular pro-
cesses. It is a component of often complex physiological and
behavioural syndromes that are adapted to environmental cycles
(Bradshaw and Holzapfel, 2007; Saunders, 2010a; Tauber et al.,
1986). The induction of diapause usually involves indirect environ-
mental cues occurring during favourable conditions that result in
the avoidance of later unfavourable conditions for potentially vul-
nerable life stages (Danks, 2007). Photoperiod-induced diapause is
prominent in temperate and sub-polar regions, where seasonal
conditions vary markedly (Meuti and Denlinger, 2013; Saunders,
2010a, 2011).
Diapause can occur in embryonic, larval, pupal or adult life
stages, although it is commonly restricted to a single life stage
within insect species (Denlinger, 2002). Experiments raising
insects under different photoperiods, or subject to large changes
in photoperiod, have categorised the diapause responses of speciesas either ‘long-day’ or ‘short-day’, usually depending on the season
of development and feeding (Danks, 1987; Saunders, 2010a; Spieth
and Sauer, 1991). In many species with embryonic or larval
diapause, hormonal controls are transmitted to the subsequent
generation through enzymatic pathways associated with repro-
duction (Bradshaw and Holzapfel, 2007).
Among the Orthoptera, embryonic diapause can occur at differ-
ent or multiple developmental stages, even within a species
(Dingle et al., 1990; Dingle and Mousseau, 1994; Hockam et al.,
2001; Shim et al., 2013). Different levels of free ecdysone in the
developing egg follicles and subsequent eggs appear to control
diapause initiation (Gregg et al., 1987; Lagueux et al., 1979;
Tawﬁk et al., 2002), through its role in embryonic development
in what has been termed an ‘ecdysteroid-deﬁciency syndrome’
(Kidokoro et al., 2006).
Many insect species display geographic variation in diapause
traits (Chen et al., 2013; Danilevski, 1965; Mousseau and Roff,
1989; Lankinen et al., 2013; Paolucci et al., 2013) and a trend of
photo-responsive day-length increasing with latitude is seen as a
general ecogeographic rule (Bradshaw and Holzapfel, 2010).
Within a species there can also be genetic variation in diapause
expression, phenotypic plasticity in photoperiodic response, or a
distribution of diapause ‘potential or intensity’ (Masaki, 2002;
Muraro et al., 2013; Schmidt and Conde, 2006). Temperature alone
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tions (Chen et al., 2013; Denlinger, 1986; Shim et al., 2013), but
its common effect is through an interaction with photoperiod by
reinforcement or limitation of the rate of entrainment and
endocrine processes (Fantinou and Kagcow, 2000; Fantinou et al.,
2002; Vaz Nunes, 1990).
Much research on photoperiod-induced diapause has focussed
on the operation of the insect ‘circadian clock’ that detects day
and night length, and the ‘photoperiodic calendar’ for seasonal
changes in photoperiod (Saunders, 1981). Experiments based on
extension, or light-pulse interruption, of scotophase established a
circadian cycle with an approximate 24 h period and species-
speciﬁc sensitive periods of response to night duration. Results of
these and photoperiod change experiments have been related to
several conceptual models of the operation of the circadian clock
and calendar, with the responses of different species used to sup-
port different models (Kostal, 2011; Saunders, 2009, 2010a,b,
2013). Most models separate the internal interpretation processes
of photoperiodism as an ‘oscillator’ that responds to daily changes
in light/dark, and a ‘counter’ that detects the number of oscillations
occurring within the photosensitive range (Saunders, 1981). Their
extension to diapause in different insect species have identiﬁed a
critical photoperiod (CPP or critical night length CNL) and required
day number (RDN) experienced during photo-inducible life stages
as thresholds to account for subsequent diapause proportions of
the population (Beach, 1979; Denlinger, 1972; Saunders, 2013;
Saunders and Bertossa, 2011).
Chortoicetes terminifera (Walker) is a multivoltine acridid ende-
mic to Australia, with 2–4 generations from spring to autumn and
a high potential for migratory exchange across a wide latitudinal
range (20–39S) (Clark, 1971; Deveson and Walker, 2005;
Farrow, 1979). Facultative autumn diapause occurs at pre-anatrep-
sis stage in embryos laid by adults of the second or third genera-
tion, depending on the latitude of origin (Wardhaugh, 1973).
Diapause occurs almost exclusively in eggs laid during the south-
ern hemisphere autumn months of March and April at temperate
latitudes, preventing large numbers of eggs hatching prior to win-
ter. However, a latitudinal gradient in the timing of diapause egg
production has been observed, occurring later at lower latitudes
(Wardhaugh, 1973, 1986). Diapause embryos are ﬁrst produced
in eggs laid in late February in locations >33S and the proportion
rises rapidly to >50% by mid-March, but similar proportions occur
only from early April at 26S.
Several experiments by Wardhaugh (1973, 1980a) over a range
of constant photoperiods showed a small proportion of diapause
eggs were produced within a range of day-lengths corresponding
to those experienced in the ﬁeld (15.5–11 h). For insects derived
from ﬁeld diapause eggs, <10% diapause eggs were laid by females
raised at 15.5, 14.5, 13.5, 12.5, 11.5 and 11 h day-length, except
13.5 h where there was 23.7% diapause (Wardhaugh, 1973). Fur-
ther trials involving a single change in day-length and tempera-
ture, established that a decline in day-length experienced by the
parental generation was the principal inductive cue inﬂuencing
the production of diapause eggs, with 50–80% resulting from a
3 h decline in day-length. Increasing day-length resulted in almost
complete absence of diapause eggs (0.5%). The results of these and
other trials involving 1 h photophase declines indicated a maxi-
mum diapause response around 13.5:10.5 h Light/Dark (LD)
(Wardhaugh, 1980a). Temperature decline appeared to enhance
diapause induction under certain photoperiod changes, but had a
primary inﬂuence on subsequent embryos, just before anatrepsis.
Temperatures below 15.5 C prevented diapause initiation
(Wardhaugh, 1980b) and in the range 26–38 C caused a ‘reversal’
of diapause in a proportion of eggs (Gregg, 1985). Wardhaugh
(1980a) also showed that each nymphal stage after second instar
up to ﬂedging was photoinducible. Nymphs transferred from longto short day-length at 3rd, 4th, 5th instar or at ﬁnal moult subse-
quently laid >50% pods containing diapause eggs.
C. terminifera is a signiﬁcant and frequent agricultural pest in
Australia (Murray et al., 2013; Wright, 1986, 1987). Understanding
photoperiodic and other factors involved in diapause in this spe-
cies is important to improve simulation models of developmental
timing and therefore for monitoring and management operations.
In an attempt to approximate natural photoperiod change experi-
enced during the life of locusts in late summer and autumn, we
conducted laboratory trials exposing developing C. terminifera
nymphs to different cumulative amounts of decline in day-length
(from 0.5 h to 2 h, in 15 min steps) to test the effect on the propor-
tion of diapause in subsequent embryos. This research aimed to
test a hypothesis of accumulated day-length decline as the princi-
pal inductive cue to diapause. This could potentially reconcile both
the photoinducibility throughout nymphal development and the
latitudinal gradient in ﬁrst production of diapause eggs, given
sufﬁcient gene ﬂow through migration between populations from
different latitudes to maintain a panmictic distribution (Chapuis
et al., 2011). Additionally, continued declines of day-length (from
1 h to 1.75 h) after ﬂedging and after ﬁrst oviposition were
included to test if adult life stages are also photoinducible.2. Methods
2.1. Source population
C. terminifera eggs were sourced from a single swarm egg bed,
laid in late March 2012 (collected in excavated soil in June 2012)
near Burra, South Australia (33.50S, 138.88E). Random sampling
showed all eggs were at the same embryonic stage (stage IVc of
Wardhaugh, 1978), indicative of diapause. Egg pods were extracted
from clods, placed with moist soil into 800 mL plastic food contain-
ers and incubated at 25 ± 2 C until hatched.2.2. Nymph husbandry
Within 24 h of hatching, nymphs were transferred into clean
800 mL containers with ﬁbreglass gauze covers. Twelve containers,
each with 80 individuals, were used for each of the subsequent 9
photoperiod change treatments (including 2 designed to test the
photoperiodic response of post-teneral adults), giving initially
800–900 nymphs per treatment.
Nymphs were fed ad libitum a daily diet of freshly cut wheat
grass, occasionally supplemented by fresh annual ryegrass (Lolium
rigidum), bran and wheatgerm, and were incubated at 35/25 C LD
temperature cycle under initial photoperiods of either 14:10 LD or
13.75:10.25 LD for different treatments (Table 1). The incubators
used (TRIL-495-1SD and TRIL-250-1SD, Thermoline Scientiﬁc,
Wetherill Park, Australia) were ﬁtted with ﬂuorescent light tubes
(Stancoat T5-F54-W830 or Philips TLD-18W865) and relative
humidity was maintained at 60–75% (Kestrel 4500, Nielsen-Keller-
man, USA) by evaporation from open water pots. Locust containers
were transferred to a refrigerator with internal lighting (Thermo-
line Scientiﬁc, TELR-1-440-GD) each morning and cooled for
10 min to allow for the provision of food and the removal of frass,
uneaten food and dead nymphs, without nymphs escaping. Overall
mortality of nymphs exceeded 70% at ﬂedging, not dissimilar for
ﬁeld C. terminifera reared in preliminary experiments using the
same incubators (data not shown).
When 25% of surviving nymphs reached third instar stage
(9–10 days after hatching) a series of 15 min stepped reductions
of photophase was commenced to produce total declines ranging
from 0.5 h to 2.0 h during nymphal development (Table 1). The
timing of each change was dependent on the number of equally
Table 1
Photoperiod (24 h) change treatments applied to developing Chortoicetes terminifera, showing total decline in photophase (hours), the starting and ﬁnal day-length, and the
number of days after the ﬁrst 15 min stepped decline (day 1 at third instar, 9–10 days after hatching) of each subsequent 15 min decline. Treatments 1.75PF and 1.75PL declined
1 h to ﬂedging, then a further 0.75 h before mating (1.75PF), or after ﬁrst egg laying (1.75PL). Day/night temperatures 35/25 C.
Day-length decline treatment (h) Day-length start-end (h) Day of photoperiod step changes after ﬁrst change
0.5 13.75–13.25 15
0.75 13.75–13.0 10 19
1.0 14.0–13.0 6 12 19
1.25 13.75–12.5 5 10 15 19
1.5 14.0–12.5 4 8 12 16 21
1.75 14.0–12.25 4 7 11 14 18 21
2.0 14.0–12.0 4 6 9 12 15 18 21
1.75PF 14.0–13.0? 12.25 6 12 19 – 26 29 31
1.75PL 14.0–13.0? 12.25 6 12 19 – Varied with individual
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ﬂedging for each treatment (Table 1). Hence, these ranged from 2
steps (14 days apart) for the 0.5 h decline to 8 steps (3 days apart)
for the 2.0 h decline in photophase, during the 21–24 days till
ﬂedging. For the 1.5–2.0 h decline treatments the ﬁnal reduction
occurred when the ﬁrst females reached ﬁnal moult. The 15 min
reductions in photophase were alternately taken from morning
(light on) and night (light off). The third stadium was selected for
the initial reduction to allow acclimation to the starting photope-
riod and because it was previously shown to be markedly photo-
inducible compared to earlier instars (Wardhaugh, 1980a). The
13.5:10.5 LD photoperiod was selected as the mid-point of each
treatment because it had produced a maximal diapause response
in previous experiments (Wardhaugh, 1980a), so all treatments
would pass through this potential CPP.
2.3. Adult husbandry
To provide space for adult activity, locusts were transferred
within 24 h of ﬂedging to 3.5 L (rectangular 260  130
 120 mm) plastic food containers and maintained at the ﬁnal
photoperiod. Males and females were combined in groups of 20–
25 individuals and allowed to mate under treatments 1–7 (Table 1).
The post-teneral treatments (1.75PF and 1.75PL) were designed to
test if adult life stages are additionally photoinducible, by further
reducing photophase after a 1 h decline during nymphal develop-
ment. For the Post-Fledging treatment, 1.75PF (nymphs raised
under a 1 h photophase decline followed by a post-teneral decline
to 1.75 h), sexes were kept separate until transfer to ﬁnal photope-
riod. For the Post-Laying treatment 1.75PL, (nymphs raised under
a 1 h photophase decline followed by a post-ﬁrst oviposition
decline to 1.75 h), equal numbers of male and females were
transferred to 1.5 h immediately after females laid the ﬁrst egg
pod and then to 1.75 h 3 days later. Mated adults were not sub-
jected to refrigeration for feeding to reduce any potential effect
on the diapause outcome of developing oocytes. Adult mortality
exceeded 50% before oviposition and only a small proportion
(10%) survived to lay more than one egg pod, so a separate analysis
of diapause variation in subsequent egg pods was not possible.
2.4. Oviposition
Within 7–10 days of mating, as females reached a gravid state,
individual females were placed for 1–1.5 h in disposable paper
cups with sterilised, compressed soil at 8% moisture by weight
for oviposition (Woodman, 2013). Cups were covered with mesh
and placed under incandescent lamps, producing local tempera-
tures of 29–36 C. Females that did not attempt oviposition or
did not produce a froth plug were returned to the treatment group
and provided the same opportunity on subsequent days. Females
that had already laid previously were kept in a separate containerand laying cups were labelled separately. Adults were maintained
at the ﬁnal photoperiod until 35 egg pods were obtained for each
treatment, or all females had died.
2.5. Examination of eggs
Cups containing egg pods were incubated at 24.5 ± 1 C under
12:12 h LD, with daily addition of sprayed tap water to gravimet-
rically maintain soil moisture at 8%, until hatching of direct devel-
oping eggs ceased (33–45 days). This temperature was chosen to
avoid possible diapause reversal at >26 C (Gregg, 1985), or mor-
tality of direct-developing eggs at <22 C (Wardhaugh, 1973).
Numbers of emerged nymphs were recorded daily for each egg
pod. Final examination involved separating the remains of each
egg pod from the substrate, counting any emerged nymphs, and
transferring remaining eggs to a weak sodium hypochlorite solu-
tion for 10–15 min (Hunter and Gregg, 1984) before visual assess-
ment under a dissecting microscope. Live embryos were classed
according to development stages in Wardhaugh (1978). Diapause
embryos cease development at pre-anatrepsis (stage IVc) and are
visibly identiﬁable by distinctive features including size, posterior
lateral curvature and reddish ‘crescent’ eye pigmentation, in
contrast to later stage embryos (stages V-X) which were classed
as direct developing. Failed embryos, indicated by visible deterio-
ration or teratological deformation, were excluded. Embryos
failed in early embryonic stages represented 3.2–13.0% (except
1.5 h treatment, with 24.7%), and late embryonic stages
0.1–1.3% (except 1.75 h treatment, with 3.4%) of viable eggs
respectively.
2.6. Data handling and analysis
The numbers of diapause and direct developing eggs from each
pod containing any viable eggs were recorded. The per-egg pod
count data for eggs in diapause were calculated as proportions of
total viable eggs. This showed a strong tendency for females to
lay eggs of all one type. Although this pattern was maintained
across all treatments, a number of egg pods (20–30%) in treatments
with >1 h decline in photophase contained both diapause and
direct-developing eggs. However, very few of these mixed egg pods
(a total of 6 across 4 treatments) contained diapause egg propor-
tions in the range 0.2–0.8 (Table 2). All egg pods with the propor-
tion of diapause eggs >0.8 were therefore classed as ‘diapause egg
pods’. The data were analysed for the effect of photoperiod change
using generalised linear modelling (GLM) procedures of Genstat v.
15 (VSN Int. Ltd., UK).
The tendency for females to lay egg pods of a single type made
linear modelling of diapause proportions of eggs within pods inap-
propriate as proportions remained mostly 0 or 1 throughout all
treatments. A GLM was ﬁtted to the binary response of egg pods
that contained no diapause eggs versus pods that contained at least
Table 2
Results summary of diapause eggs produced after different total photophase change (24 h photoperiods) applied to developing Chortoicetes terminifera. Shows numbers of viable
egg pods, diapause egg pods (>80% diapause eggs), mixed egg pods (20–80% diapause eggs), count of total viable eggs and the percentage of diapause eggs.
Daylength decline treatment (h) Viable egg pods Diapause egg pods Egg pods with 20–80% diapause eggs Total viable eggs Diapause eggs (% of total)
0.5 24 0 0 520 0
0.75 26 2 0 810 8.8
1.0 30 8 0 910 28.6
1.25 29 8 2 850 22.6
1.5 21 12 3 355 56.3
1.75 23 13 0 550 53.8
2.0 25 21 1 685 86.6
1.75PF 26 14 0 525 45.7
1.75PL 12 5 0 249 43.4
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GLM analysis for diapause egg pods, the binary response was egg
pods with less than 80% diapause eggs or not. This provided a sep-
arate test for the response in terms of egg pods with any diapause
eggs or with mostly diapause eggs. In both analyses photoperiod
was ﬁtted as an explanatory factor or variate. The post-teneral
treatments were included in binomial factor models and compared
to the 1 h treatment to test for any signiﬁcant departure from the
conditions under which they were reared up to ﬂedging.3. Results
The total numbers of hatched and developing eggs compared to
numbers of diapause eggs for each treatment are given in Table 2.
The number of females producing egg pods containing any dia-
pause eggs and predominantly diapause eggs (diapause egg pods)
increased with photophase decline, resulting in a corresponding
increase in the total proportion of diapause eggs. The total percent-
age of diapause eggs ranged from 0 under the 0.5 h treatment to
86.6% at 2 h (Fig. 1).
Binomial models with a logit link function of diapause pres-
ence/absence with the 7 nymphal photoperiod treatments as factor
show the number of females laying any diapause eggs was signif-
icantly affected by the total amount of photophase decline (df = 6,
deviance ratio = 13.42, p < 0.001). The model for diapause egg pods
indicates that most of the increase in diapause response results
from pods with >80% diapause eggs (df = 6, deviance ratio = 11.65,
p < 0.001). The model predictions obtained for proportions of
females laying diapause eggs match closely the diapause0
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Fig. 1. Variation in the proportion of diapause eggs (% of total viable eggs) and
diapause egg pods (% of egg pods containing >80% eggs in diapause) oviposited by
Chortoicetes terminifera after different amounts of total decline in day-length during
nymphal development.proportions of total eggs (Table 2). Both models produced signiﬁ-
cant regressions with estimated dispersion of 0.94 and coefﬁcients
increasing in a linear sequence that supports the applicability of a
logistic data distribution. Fitting photoperiod treatment as a
variate to binomial logistic models yielded signiﬁcant regressions
(diapause presence/absence – df = 1, t = 6.88, p < 0.001; diapause
egg pods – df = 1, t = 6.52, p < 0.001), indicating that variation in
diapause can be modelled as a linear function of the amount of
photophase decline.
The two post-ﬂedging treatments (1.75PF, 1.75PL) produced
45.7% and 43.4% diapause eggs respectively, compared to 28.4% for
the 1 h treatment under which they were reared up to ﬂedging.
They were each included as factors in binomial models with the
1 h, or 1.75 h treatment as the reference level. The 1.75PF
treatment was marginally signiﬁcantly different for both diapause
presence/absence and diapause eggs pods (t = 2.05, p = 0.041) (sta-
tistical outcomes were the same as all diapause eggs in both treat-
ments were in diapause egg pods) compared to 1 h, but not
different from the 1.75 h treatment (presence/absence
t = 0.81, p = 0.419, diapause pods t = 0.19, p = 0.851). The
1.75PL treatment was not signiﬁcantly different to the 1 h
treatment, for either presence/absence or diapause egg pods
(t = 0.94, p = 0.345) or the 1.75 h treatment (diapause presence/
absence t = 1.32, p = 0.187, diapause egg pods t = 0.83,
p = 0.406).4. Discussion
4.1. Photoperiodic diapause induction in C. terminifera
The data presented here conform to a model of diapause induc-
tion in C. terminiferawhere the numbers of females laying diapause
eggs increase with the lifetime experience of cumulative decline in
day-length. The inclusion of continued photophase decline during
the post-teneral stage extends the photoinducibility beyond the
nymphal life stages and increases total potential day-length
decline up to egg maturation. Previous work by Wardhaugh
(1980a) showed that 13.5:10.5 LD produced a maximal diapause
response, but was also part of the range of photoperiods that were
inductive if photophase was reduced. Models of a threshold CPP, at
which >50% of embryos enter diapause (Denlinger, 1972) may be
inappropriate for C. terminifera, which does not present a photope-
riodic response curve with an abrupt ‘switch’ within a narrow
range (Wardhaugh, 1980a). Our trials used the potential CPP of
13.5:10.5 LD as a mid-point of photoperiod decline ranges in all
treatments and the time spent around this value was shortest in
the treatments that produced the highest diapause in subsequent
eggs. Only with photophase declines >1.25 h were >50% of eggs
and egg pods diapausal.
Alternative possible interpretations of the data could be that
there is a CPP for C. terminifera that is much lower, around
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mary inﬂuence, so that the low incidence of diapause in treatments
0.5, 0.75 and 1 h results from the end day-length not reaching
that point. However, preliminary experiments in which nymphs
were raised under 0.5, 0.75, 1.0 or 1.5 h cumulative photophase
declines, but with a ﬁnal photoperiod in each treatment of
12.5:11.5 h LD, suggest these are less likely (see Supplementary
Data). First instar nymphs, collected from near Oaklands NSW
(35.52S, 146.02E), were raised using the same experimental pro-
tocol reported above (except for 32:28 C LD temperatures) and
produced a similar increase in the proportion of diapause eggs
from 0 with a 0.5 h to 65.2% with a 1.5 h photophase decline.
Previous experimental studies of diapause in C. terminifera have
used a single step-down change in photophase, usually large and at
ﬁnal moult (Gregg, 1985; Wardhaugh, 1980a). We attempted to
approximate more natural photoperiod changes experienced dur-
ing the development of the parental generation to test its inﬂuence
on diapause outcomes. The range of laboratory photoperiod
regimes was selected to match the declines of the late summer-
autumn period throughout the latitudinal range of C. terminifera.
For example, nymphs emerging at 34.5S on 25 January would
ﬂedge in late February (Clark, 1965). Field data indicate an average
12–18 days from ﬂedging to egg laying (Clark, 1972; Farrow, 1979),
placing ﬁrst layings in mid-March. Locusts at that latitude will
have experienced day-length decline of 1.5 h by 12 March and
2 h by 25 March (14–12 h). On those dates close to 100% of ﬁeld
laid eggs enter diapause (Deveson and Woodman, 2014;
Wardhaugh, 1973). However, the proportion of diapause eggs pro-
duced in the laboratory did not quite reach levels measured in the
ﬁeld, with a maximum of 86.6% in the 2 h treatment. This dis-
crepancy may be the result of the limited light spectra of incubator
ﬂuorescent lights relative to the maximal photoreceptor response
for C. terminifera (Saunders, 2012), egg incubation temperature
(Gregg, 1985; Hunter, 1989), or other experimental conditions.
Wardhaugh (1980a) reported experiments on C. terminifera
showing some diapause at ﬁxed photoperiods. In our trials, no dia-
pause eggs resulted from the 0.5 h and very few from 0.75 h
treatments. This difference remains unresolved, although
Wardhaugh (1980a) found an increase in diapause eggs from sec-
ond or third compared to ﬁrst generation diapause adults under
experimental conditions and identiﬁed this as a possible result of
selection. The North American grasshopper,Melanopus sanguinipes,
which is univoltine over much of its range, also produced diapause
eggs at constant photoperiods (12:12 LD and 16:8 LD), as well as aFig. 2. Recorded latitudinal variation in diapause egg pods by laying date. Data from Wasimilar signiﬁcant increase with a photophase decline and suppres-
sion with photophase increase (Dean, 1982).
Females in our trials showed a tendency to lay egg pods of one
type, either diapause or non-diapause, with a small proportion
(20–30%) of mixed pods in treatments with >1 h photophase
decline. C. terminifera, like most members of the Acrididae, oviposit
batches of eggs in discrete egg pods (20–60 eggs) at 20–100 mm
below the soil surface. Therefore the survival of individual eggs
and successful nymph emergence from the egg pod is potentially
linked. There could be an advantage in producing eggs of a single
development type to avoid potential blocking of egress from the
egg pod due to partial hatching (Woodman, unpub. data). Gregg
(1985) found mixed egg pods in C. terminifera exposed to a sin-
gle-step, 2.5 h photophase decline at ﬂedging were only produced
at high egg incubation temperatures >26 C (>40% of pods). In our
trials, the mixed egg pods appear to be the product of photoperiod
change since all eggs were incubated at the same temperature. A
similar tendency to produce egg pods of one development type
has been observed in other acridids under different experimental
conditions (e.g. the Senegalese grasshopper, Oedaleus senegalensis,
Colvin and Cooter, 1995).
4.2. Latitudinal gradient in diapause egg production
The available ﬁeld data for eggs laid in autumn indicate that
ﬁrst diapause eggs and peak diapause proportions occur at a later
date at lower latitudes (Fig. 2), and that the timing is relatively
ﬁxed despite seasonal variation in temperature (Wardhaugh,
1986). Wardhaugh (1986) discussed a model for C. terminifera
where a varying proportion of diapause eggs are laid during
autumn, primarily inﬂuenced by the day-length decline experi-
enced by the adult generation, but also by temperature change.
The inhibitory effect of temperature >26 C at diapause initia-
tion (Gregg, 1985) provided one potential explanation for the later
appearance of diapause eggs at lower latitudes (Hunter, 1989;
Hunter and Gregg, 1984). Our data, showing an increase in dia-
pause induction with accumulated day-length decline, could also
be related to the latitudinal variation in the production of diapause
eggs because of the precessional change in day-length from late
summer. The observed gradient appears counter to that of a possi-
ble CPP, such as of 13.5:10.5 LD, which occurs on 9 January at 24S,
2 February at 30S and 13 February at 36S. However, the preces-
sion of day-length change around the autumn equinox results in
earlier accumulated day-length declines at higher latitudes. Hence,rdhaugh (1973), except for 34–35S and 36S from Deveson and Woodman (2014).
6 E.D. Deveson, J.D. Woodman / Journal of Insect Physiology 70 (2014) 1–7the number of days it takes day-length to decline from 13.5 to
12.5 h at these same latitudes is 55, 35 and 27 days. The increase
in consecutive day-length changes approaching the equinox
(3–4 min/day at 34S), along with the higher photoperiodic
response near 13.5 h daylight, would also tend to bring individuals
towards similar accumulated declines around that time.
4.3. Relevance for insect photoperiodism
Despite early research on naturally occurring changes of photo-
period on insect diapause (Tauber and Tauber, 1970, 1973, 1975)
there are relatively few recent experimental examples of relating
diapause induction to dynamic or natural daily photoperiod
changes (e.g. Kikukawa et al., 2008; Miyazaki et al., 2006;
Villasova and Snodgrass, 2004). Research on short-lived insects
or those with a single photoinducible stage, for which as few as
4 LD cycles at the CPP can produce a diapause response (Beach,
1979; Hardie, 1990), has logically used the long-day/short-day
experimental dichotomy of photoperiod change. The concentration
on CPP and RDN may be less applicable to longer-lived species
(Bradshaw and Holzapfel, 2007) and mask the signiﬁcant effect
of small changes in photoperiod in some species (Spieth and
Sauer, 1991). The implication from this study is that for C. terminif-
era the detection of natural photoperiod changes accumulates to
produce an increase in diapause induction in proportion to the
amount of total photophase decline.
Gibbs (1975) ﬁrst proposed a ‘diapause titre’ as an accumulator
of natural photoperiod change, which would translate to initiation
of a diapause state in insects, and the idea was extended in a tem-
perature-compensated ‘induction sum’ model by Lewis and
Saunders (1987) (Saunders and Lewis, 1987). The ‘counter’ that
detects the required number of cycles is a conceptual analogue
with an implicit accumulation, but does not account for avoiding
diapause during the same photoperiod in the opposite season.
Known examples of the means of such avoidance usually involve
the diapause state of the previous generation (Saunders, 2010a;
Voinivich et al., 2013). Genetic and molecular links between circa-
dian processes and downstream pathways to diapause remain elu-
sive, although a number of proteins which are alternately
synthesised, degraded or inhibited by feedbacks associated with
day/night cycles may be candidates at the photoreception level
(Goto, 2013; Kostal, 2011; Sandrelli et al., 2008; Saunders, 2013).
Under natural photoperiod an accumulation could occur as night
length consecutively increases in autumn, but not as it decreases
in spring, providing a connection to discrimination of season. In
C. terminifera, where all lifestages after ﬁrst instar are to varying
extents photoinducible (Wardhaugh, 1980a), similar processes
could be linked to the amount of ecdysone produced in developing
egg follicles and to diapause outcome (Gregg et al., 1987).
4.4. Future directions
These results present a re-investigation of photoperiodic dia-
pause induction in C. terminifera, for which the genetic and molec-
ular processes are unknown. The mediating effect of temperature
in interaction with photophase decline, as indicated by
Wardhaugh (1980a,b), was not included in these trials and war-
rants further investigation. Additionally, obtaining time-sequenced
diapause data from autumn laid eggs from <28S, or using locusts
sampled from those latitudes for similar laboratory trials, could ﬁll
a current gap in identifying potential variation in photoperiodic
response from different latitudinal populations.
Given the complexity of diapause and other ﬁtness-linked traits
identiﬁed within populations of other acridid species with wide
latitudinal ranges (e.g.M. sanguinipes, Fielding, 2006, 2008), further
experimental and ﬁeld data are required for C. terminifera. Forexample, trials exposing developing nymphs to either an
increase–decrease or decrease–increase in photophase could
reveal if the apparent accumulation effect is uni-directional or
compensated, or is more pronounced at particular life-stages. The
observed decline in diapause eggs laid from late autumn and win-
ter (Fig. 2), could result from low temperature <15.5 C suppression
(Wardhaugh, 1980b), or parental ageing (Hockam et al., 2001), but
there is insufﬁcient ﬁeld data to indicate if diapause eggs continue
to be laid in the absence of the inhibitory effect of low temperature
at lower latitudes.
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